Abstract: The minimization of polarization multiplexing angle in a polarization-divisionmultiplexed (PDM) transmission system is explored. An effective polarization demultiplexing algorithm based on Stokes space is proposed to realize the demultiplexing of two nonorthogonal polarization states. Both simulation and experimental results verify the effectiveness of the proposed algorithm for the transmission of a 56-Gb/s PDM-dual phase-shift keying (DPSK) signal over different polarization multiplexing angles (i.e., ¼ 23 , 45°, 67°, 90°) and different lengths of transmission links (i.e., back-to-back, 320 km, 400 km).
Introduction
Owing to the introduction of new multimedia services, such as cloud computing, big data, video streaming, and social networks, scientists and engineers have spent much effort in recent years improving the system overall capacity and channel spectral efficiency (SE) for supporting the dramatically increased traffic [1] - [3] . Various techniques, including coherent detection, digital signal processing (DSP), polarization-division-multiplexing (PDM), and advanced modulation formats are widely deployed [4] - [6] . Among them, PDM systems with two orthogonal states of polarization (SOPs) can double the spectral efficiency directly. During the past few years, some scientific communities have been exploring actively new dimensions (e.g., orbital angular momentum (OAM), space-division multiplexing (SDM), etc.) to achieve capacity beyond conventional multiplexing. Certainly, it is true that these new techniques which transmit multiple data streams (e.g., SDM with 114 space channels) increase potentially the system capacity to a great extent. However, there are some challenges need to be overcome in cost, footprint and compatibility. For example, the OAM technique needs additional spatial light modulators to achieve the multiplexing and demultiplexing [7] . Currently, the demonstrated communication systems with OAM multiplexing are bulky and expensive [8] . The other technique, SDM, needs special mode-division multiplexer (e.g., spot-based multiplexer) and demultiplexer with relatively high insertion loss. In addition, SDM system needs few-mode or multimode fibers with special materials and fabrication, which would be another challenge in cost [9] .
Recently, some investigations have been carried out to explore another transmitting multiplexing way (i.e., multiple polarization states) over one wavelength, which means the polarization multiplexing angle has to be less than 90°. Up to now, there are some notable works about the minimum polarization multiplexing angle in PDM systems [10] - [14] . Some works [10] , [11] including multiplexing angle 45°and 60°have a limitation for the transmission with only few kilometers. Our previous work with multiplexing angle 45°uses the intensity modulation and only provides numerical simulation [12] , [13] . Our previous work with multiplexing angle 23° [14] presents an effective and flexible polarization demultiplexing scheme using OOK modulation format for short-reach transmission. To sum up, the study of minimizing polarization multiplexing angle of PDM technology may have a potential application for further increasing the channel capacity or spectral efficiency. Meanwhile, it can be compatible with the current optical communication system without additional auxiliary optical components and devices. Particularly, the transmitter and receiver in coherent optical communication have been integrated on a chip. Therefore, the cost and footprint could be smaller than other transmission multiplexing techniques.
In this paper, we explore the minimization of polarization multiplexing angle with longreach transmission for dual phase-shift keying (DPSK) modulation. An effective polarization demultiplexing method based on Stokes space to demultiplex the two non-orthogonal polarization states with the similar accuracy is proposed. The performance of proposed scheme is investigated both numerically and experimentally, especially different polarization multiplexing angles (i.e., ¼ 23 , 45°, 67°, 90°) and different lengths of transmission links (i.e., back-toback, 320-km, 400-km) for 56-Gb/s PDM-DPSK signals. To the best of our knowledge, it is the first time that such a small angle (i.e., 23°) of the PDM system is experimentally demonstrated over such a long fiber transmission link.
Principle of Proposed Method
Due to the internal birefringence or external perturbations in the transmission link, the arriving polarization states of the multiplexed signals generally are not well aligned with the receiver [15] . For orthogonal polarization state, a number of demultiplexing schemes are proposed including all-optic scheme [16] , [17] and DSP in the digital domain [18] - [22] . Nevertheless, when the SOPs of the PDM signals are not strictly orthogonal, the performance of the above demultiplexing algorithm will certainly degrade and may fail. To sum up, a new demultiplexing algorithm for demultiplexing the non-orthogonal polarization states may be necessary. Fig. 1 (a)-(i) shows the polarization relationship between the received multiplexed signals and the principal polarization axes of the receiver. Here x À y coordinate axes are the principal polarization axes of the receiver, p 1 and p 2 are two non-orthogonal polarization states with the polarization multiplexing angle that is less than 90°. Owing to the misalignment between the principal axes of the receiver, crosstalk between multiplexed signals will occur. The detailed operation principle of the proposed algorithm for demultiplexing the nonorthogonal polarization states is described as following. The Jones vector representing the received optical wave shown as Fig. 1(a) -(i) with non-orthogonal polarization states can be written
where and are the polarization multiplexing angle and the rotation angle, respectively. The multiplier 1= ffiffiffi 2 p is required for normalization. The Jones vector E of (1) is transformed into the Stokes vector. The components of Stokes vector can be derived further as
where Á ¼ x À y is the phase difference between the received x and y polarization components. Here, the frequency offset between the signal and the local oscillator is neglected. The first component of the Stokes parameters s 0 represents the total signal power, and the remaining three components s 1 ; s 2 ; s 3 represent 0°linear, 45°linear and circularly polarization component, respectively. Therefore, the received optical wave (polarization multiplexed signals) can be finally mapped into the Stokes space [as shown in Fig. 1 (a)-(ii) or (b)]. Then, in order to mitigate the crosstalk and demultiplex the signals, the normal vector n ¼ ðn 1 ; n 2 ; n 3 Þ in Fig. 1(b) could be obtained. According to the characteristic of DPSK in Stokes space, we can use K-means algorithm to classify data set into separate groups and recognize the positions of the clusters' centroids k [23] shown as
where J, N, and K are the cost function, number of sampling points and the number of clusters, respectively. When the cost function is minimized, the positions of the clusters' centroids can be found. As shown in Fig. 1(b) , the DPSK modulation presents two clusters in Stokes space, which can be confined to a line. As for other modulation formats which can be fitted a least squares plane, such as quadrature phase-shift keying (QPSK)/16 quadrature amplitude modulation (16QAM), the clusters would be more than two. The normal n intersects, is perpendicular to the fitted line, and goes through the original point of sphere. The main procedure is to find the normal n of the fitted line and uses it to calculate the inverse transformation matrix M À1 (demultiplexing matrix) expressed as
ÀsinðÞexpðjÁ=2Þ cosðÞexpðÀjÁ=2Þ :
where ¼ 1=2atanð
; n 1 Þ À , and Á ¼ atanðn 3 ; n 2 Þ. If the two polarization tributaries are not exactly orthogonal (i.e., when they are orthogonal, two polarization tributaries is 90°in Jones space, 180°in Stokes space), the two Stokes constellation points is separated by 90 þ 2 Ã . Therefore, It is worth noting that only one of the polarization tributary (e.g., p 1 ) is demultiplexed perfectly (without crosstalk) if the rotation angle is used in (7), while the other polarization tributary (i.e., p 2 ) is yet inherited with crosstalk. Therefore, to perfectly demultiplex p 2 , we can replace the rotation angles with À in (7). Subsequently the two polarization tributaries could be simultaneously demultiplexed by using the rotation angles and À in (7), respectively [see Fig. 1(c) ]. To sum up, the demultiplexing process is to, respectively, align different principal polarization axes.
Simulation Results
Based on the above principle, we first carry out numerical simulations for different multiplexing angles in a 56-Gb/s PDM-DPSK system using the VPI platform. Fig. 2 shows the phase levels of demultiplexing results for the case of back-to-back transmission with different multiplexing angles (i.e., ¼ 23 , 45°, 67°). The phase levels are the DPSK phase of one polarization tributary. Before polarization demultiplexing, the received signals exhibit the crosstalk effect with multiple (i.e., more than two) phase levels as shown in Fig. 2(a) . By using the proposed algorithm, we can perfectly demultiplex the PDM signals with different multiplexing angles and the crosstalk could be mitigated as depicted in Fig. 2(b) . Throughout the simulations, the wavelength of the laser source is 1550 nm with the linewidth of 100 kHz.
The demultiplexing performance of the proposed method is further verified by the BER measurement in a 400-km SMF transmission system. The fiber has a dispersion parameter of D ¼ 16 ps/nm/km, an attenuation of ¼ 0:2 dB/km and a nonlinear coefficient of ¼ 1:27 km À1 W À1 . As depicted in Fig. 3(a) , the BER results show that the proposed scheme can successfully demultiplex the 56-Gb/s PDM-DPSK signals with different polarization multiplexing angles (i.e., ¼ 23 , 45°, 67°). The comparison of optical signal-to-noise-ratio (OSNR) penalties between different polarization multiplexing angles indicates that smaller multiplexing angle corresponds to more severe crosstalk in the receiver side.
Since polarization-mode-dispersion (PMD) may also bring about crosstalk, we further investigate the demultiplexing performance when the transmission fiber link has certain amount of PMD. Fig. 3(b) shows the BER performance for different PMD values (i.e., PMD ¼ 0:1, 0.3 and 0.4 ps/km 0.5 ) with the multiplexing angle of 23°. As expected, the non-orthogonal polarization multiplexed signals are more susceptible to the link PMD that results in severe crosstalk between two polarization tributaries. As shown in Fig. 3(b) , the relative OSNR penalty at 10 −3 BER for the PMD values of 0.1 and 0.4 ps/km 0.5 is ∼4-dB. The OSNR penalty would increase more rapidly when the mean differential group delay becomes larger. It is mainly because that the polarization crosstalk would have a strong impact on the performance of PDM system with multiplexing angle 23°. Therefore, PMD compensation method in either time or frequency domain would be desired to further improve the demultiplexing performance in the near future.
Experimental Results and Discussion
The experimental setup for investigating the minimization of polarization multiplexing angle in 56-Gb/s PDM-DPSK system is shown in Fig. 4 . At the transmitter side, the light from an external cavity laser (ECL) oscillating at ∼1550 nm with ∼100 kHz linewidth is modulated by two Mach-Zehnder modulator (MZM) to generate PDM-DPSK signal. The multiplexing angle of two polarization tributaries is controlled by two polarization controllers (PC) along two arms that are combined through one optical coupler (OC). The variable optical attenuator (VOA) is applied in one branch to balance the optical power of two channels. Band-Pass Filter (BPF) can reduce the amplified spontaneous emission (ASE) noise for improving the system performance. The transmission optical link is composed of 5 Â 80 km spans of SMF (i.e., 400-km in total) whose dispersion parameter, attenuation, and nonlinear coefficient are D ¼ 16:5 ps/nm/km, ¼ 0:2 dB/km, ¼ 1:27 km À1 W À1 , respectively. Fiber loss of each span is completely compensated using an erbium doped fiber amplifier (EDFA) with a noise figure of ∼5 dB. At the coherent receiver side, the received signal and the LO are combined using an optical 90°hybrid. The electrical signals passing through a pair of balanced photodiodes are processed using MATLAB code in the off-line DSP module.
To investigate the demultiplexing performance, we calculate the BER with different receiver powers and different fiber lengths (i.e. back-to-back, 320-km, 400-km) as shown in Fig. 5(a) . The BER performances are measured after CD compensation and polarization demultiplexing. The power penalty is ∼3-dB at BER value of 10 −3 after 320-km SMF transmission for the minimum multiplexing angle 23°. When the transmission length increases to 400-km where the mean differential group delay becomes larger, the power penalty is further increasing. Compared to conventional PDM system, the polarization crosstalk may be more serious in the minimum multiplexing angle of PDM system. Fig. 5(b) shows the power penalty with different multiplexing angles, including 23°, 45°, 67°, and 90°and the transmission distance of 400-km. Again, as expected, smaller polarization multiplexing angle results in more severe crosstalk.
We have made a detailed comparison about the state-of-the-art PDM techniques in the field of multiplexing angle, bit-rate=, format, detection method, and transmission distance depicted in Table 1 . Estaran et al. [10] have reported the experimental demonstration of intensity .
TABLE 1
Comparison Among the Proposed Scheme and the State-of-The-Art PDM Techniques modulation and direct detection (IM/DD) using four states of polarization with 45°multiplexing angle. The principle is proven at 128-Gb/s over 2-km SSMF. Chen et al. [12] demonstrates numerically a 40-Gb/s four-polarization multiplexed OOK system based on coherent detection with 80-km transmission length. Next, the research team proposes a scheme of four-polarization multiplexing in radio over fiber (RoF) system, and demonstrate a 4 Â 2-Gb/s intensity modulation system with 20-GHz RF carrier over 60-km transmission [13] . Subsequently, the team shows that the polarization multiplexing angle 23°could be successfully transmitted and demultiplexed after 10-km SMF with direct detection [14] . Our proposed scheme focuses on the long-haul transmission link and the minimization of polarization multiplexing angle. To the best of our knowledge, it is the first time that such a small angle (i.e., 23°) of the PDM system is experimentally demonstrated over such a long fiber transmission link (i.e., 400-km).
Conclusion
Based on a proposed demultiplexing algorithm, we have explored the minimization of polarization multiplexing angle in PDM transmission systems. The algorithm was verified both numerically and experimentally in the 56-Gb/s PDM-DPSK system over 400-km distance and the minimum multiplexing angle could be as small as 23°. Such demultiplexing method could be further applied to non-orthogonal PDM systems with higher order modulation formats (i.e., QPSK, 8QAM, 16QAM) by obtaining the normal vector n with the least squares fit method. The non-orthogonal PDM strategy has a potential to realize the transmission with higher spectral efficiency. This paper does not provide the experimental demonstrations about the cases with more than two polarization tributaries, but it should be noted that the theoretical basis of demultiplexing for multi-polarization division multiplexing signal is similar to that of the non-orthogonal PDM signal. Certainly, there are still some challenges need to be overcome when higher data rate is applied to multiple polarization states system, including phase drift compensation, polarization crosstalk management, instable phase relationship, and so on.
